Cancers develop metabolic strategies to cope with their microenvironment often characterized by hypoxia, limited nutrient bioavailability and exposure to anticancer treatments. Among these strategies, the metabolic symbiosis based on the exchange of lactate between hypoxic/glycolytic cancer cells that convert glucose to lactate and oxidative cancer cells that preferentially use lactate as an oxidative fuel optimizes the bioavailability of glucose to hypoxic cancer cells. This metabolic cooperation has been described in various human cancers and can provide resistance to anti-angiogenic therapies. It depends on the expression and activity of monocarboxylate transporters (MCTs) at the cell membrane. MCT4 is the main facilitator of lactate export by glycolytic cancer cells, and MCT1 is adapted for lactate uptake by oxidative cancer cells. While MCT1 inhibitor AZD3965 is currently tested in phase I clinical trials and other inhibitors of lactate metabolism have been developed for anticancer therapy, predicting and monitoring a response to the inhibition of lactate uptake is still an unmet clinical need. Here, we report the synthesis, evaluation and in vivo validation of (±)-[ 
INTRODUCTION
Metabolic plasticity is a hallmark of cancer cells allowing them to optimally use existing resources for energy production and biosynthesis. Among possible fuels, lactate singles out as it is at the core of a metabolic cooperation between glycolytic cancer cells that produce lactate and oxidative cancer cells that use it [1] . This cooperation is of symbiotic nature: by delivering lactate to oxidative cancer cells that have a metabolic preference for lactate compared to glucose, glycolytic cancer cells facilitate glucose diffusion and use in the hypoxic/ glycolytic cancer compartment [1] [2] [3] [4] . Oxidative cancer cells, in turn, use lactate oxidation to promote autophagy, which has been linked to resistance to oxidative stress [5] . Together with other processes such as commensalism, autophagy and cannibalism, metabolic cooperativity represents an evolutionary solution for cell survival and proliferation in a metabolically altered environment [6] . 
Research Paper
At physiological pH, lactic acid (pKa 3.86) is fully dissociated in lactate and proton. Consequently, lactate swapping between glycolytic and oxidative cancer cells primarily depends on the expression and activity of lactate transporters of the monocarboxylate transporter (MCT) family that are located at the cell membrane [4, 7] . MCTs are passive transporters, among which MCT1 to MCT4 can transport lactate and are driven by the transmembrane gradient of lactate and protons. MCT4/SLC16A3, which has the lowest affinity for lactate (Km 22-28 mM) but a high turnover rate, is well adapted to facilitate the export of lactate and protons by glycolytic cancer cells [8] [9] [10] . This isoform is hypoxiainducible (SLC16A3 is a direct target gene of hypoxiainducible factor-1 [HIF-1]) [11] and does not efficiently transport pyruvate (Km 153 mM) [4, 8, 12] . Comparatively, MCT1/SLC16A1 has a higher affinity for lactate (Km 3.5-10 mM) and can efficiently transport pyruvate (Km 1 mM) and ketone bodies [4, 12] . Although SLC16A1 is not a direct HIF-1-target gene [11] , experimental evidence showed that MCT1 expression can be induced by hypoxia in a HIF-1 dependent manner [13] [14] [15] [16] . In cancers, MCT1 is preferentially expressed at the plasma membrane of oxidative cancer cells where it facilitates the uptake of lactate together with a proton, thereby alimenting the lactate oxidation pathway and supporting metabolic symbiosis [1] . MCT1 and MCT4 have further been involved in a commensalism behavior of oxidative cancer cells, whereby these cells mobilize and exploit lactate and ketone bodies produced by stromal cells [17] [18] [19] . Compared to MCT1 and MCT4, MCT2/SLC16A7 and MCT3/SLC16A8 are less often expressed in cancers [4] .
Over the last 8 years, the existence of a metabolic symbiosis has been substantiated in different cancer types, indicating in general terms that this metabolic behavior is an important contributor to tumor progression. Evidence includes the preferential expression of MCT4 in the hypoxic/ glycolytic cancer cell compartment and of MCT1 in welloxygenated tumor areas, as well as the observation that 13 C-labelled lactate can be converted into downstream metabolites of the lactate oxidative pathway (such as 13 C-alanine) in tumors in vivo [20] . Overall, a metabolic symbiosis has been documented in a variety of human cancers, including head and neck, breast, lung, stomach, colon, bladder, prostate and cervix cancers, as well as gliomas [1, 3, [21] [22] [23] [24] . This motivated the development and preclinical evaluation of several MCT inhibitors [25] [26] [27] [28] [29] , among which AZD3965, initially developed as a mild immunosuppressor [30] , is currently evaluated as an anticancer agent in Phase I clinical trials for patients with prostate cancer, gastric cancer or diffuse large B cell lymphoma (ClinicalTrials. gov NCT01791595). The related compound AR-C155858 is a selective MCT1 inhibitor that nevertheless also inhibits MCT2, but only when MCT2 is bound to ancillary protein basigin, whereas its preferred chaperon protein is embigin [31] . In this context, it is therefore of high interest that three independent studies recently assigned to metabolic symbiosis a primary responsibility for the induction of resistance to anti-angiogenic therapies [32] [33] [34] , thus supporting the use of MCT inhibitors in combination with these treatments.
Although MCT1 inhibitors are being actively developed and AZD3965 recently entered into clinical trials for the treatment of cancer, there is currently no strategy allowing to measure lactate uptake and its inhibition in clinical settings. In this study, we report the original synthesis and preclinical validation of (±) [1, 35, 36, 37] . This cell line is the main model that served to identify metabolic symbiosis in 2008 [1] . The experiment was repeated on human SQD9 pharyngeal squamous cell carcinoma cells, another oxidative cancer cell line (see oximetry below). A 6 min incubation in the presence of 10 mM of L-lactate (carry on strategy) resulted in a cellular uptake of [ 18 F]-FP that amounted only to ~0.1% of the dose in the two cell lines ( Figure 1C & 1D) . However, tracer uptake was not decreased but rather slightly increased when the cells were also treated by MCT1 inhibitors AR-C155858 (10 µM) ( Figure 1C ) and AZD3965 (10 µM) ( Figure 1D [38] (Figure 1A ). At the time of our study, nonradioactive 3-fluoro-2-hydroxypropionate was not available commercially, but we verified experimentally that 3-fluoropyruvate could be converted to 3-fluoro-2-hydroxypropionate by lactate dehydrogenase (LDH), a bidirectional enzyme (Supplementary Figure 1A & Figure 2B ). To improve regioselectivity, we conducted the radiofluorination reaction in 2-methyl 2-butanol (t-amyl-OH), a protic solvent (Method II). The regioselectivity of the epoxide opening improved up to more than 80% for (±)-[ cells. Indeed, the two cell lines did express MCT1 ( Figure  3A) , and oximetry on a Seahorse bioanalyzer confirmed that SQD9 were at least as oxidative as SiHa cells in vitro ( Figure 3B ) [1, 35, 36, 37] . As previously reported for SiHa [1] , SQD9 cells could use lactate as an oxidative fuel in the absence of glucose ( Figure 3B ). In vitro, the cells took up and trapped [ Figure 3) . As both tumors were of sufficient size for proper imaging and no difference in SUV was observed, a partial volume effect was excluded. A same group of mice was used for vehicle treatment on one day and for treatment with MCT1 inhibitor AR-C155858 the day after. [ 18 F]-FLac was administered intravenously at a dose of 150-250 µCi. With respect to vehicle treatment, PET/CT images revealed that tracer distribution was time-dependent, with best tumor contrast 30 min after tracer injection ( Figure  4A and Supplementary Video 1). Other organs known to express MCTs and to take up lactate, such as the gut and the liver [7] , were also labeled. Thirty minutes after tracer injection, there was no detectable bone labeling that could have indicated defluorination. Of note, 60 min after tracer injection, spinal and joint labeling was detected, indicating that some defluorination had possibly occurred ( Figure 4A , right panel). At 30 min, there was no apparent discrimination of SiHa-shCTR and SiHa-shMCT1 by the tracer. This lack of difference was associated to an overexpression of MCT4 upon MCT1 silencing that we detected by western blotting ( Figure 4B ). On the day after, we used the same mice to evaluate the ability of [ F activity was measured using a Wiper Gold γ-counter (* p < 0.05, *** p < 0.001; N = 2, n = 8). D. As in C, except using SiHa-WT and SiHa-CRISPR-MCT1 cells without pretreatment (*** p < 0.001; N = 2, n = 8). E. As in C, but using AZD3965 (10 µM) instead of AR-C155858 (ns, p > 0.05; *** p < 0.001; N = 2, n = 8). accumulates in tumors and tissues known to consume lactate in vivo, which is efficiently prevented by the pharmacological inhibition of inward lactate transporter MCT1.
DISCUSSION
The vast majority of solid tumors comprise areas with limited oxygen and metabolite bioavailability surrounded by well perfused and oxygenated areas. Their temporal distribution varies [39] and is influenced by therapy [40] . This peculiar organization imposes a metabolic pressure on cancer cells that, in many cancer types [1, 3, [21] [22] [23] [24] , establish a metabolic symbiosis based on the exchange of lactate between glycolytic cancer cells that produce lactate and oxidative cancer cells that use it. The metabolic reward of lactate recycling is improved glucose availability for glycolytic cancer cells and increased autophagy for oxidative cells [5] . Consequently, the therapeutic strategy consisting in interfering with lactate exchanges and use in cancer is particularly attractive. While MCT1 inhibitor AZD3965 is currently evaluated as an anticancer agent in Phase I clinical trials (ClinicalTrials.gov NCT01791595) and other agents are in the pipeline [4, 25, 26] , two burning questions are still unanswered: (i) is it possible to stratify patients that would benefit from such treatments, and (ii) is it possible to evidence early a therapeutic response to these agents?
Analyses of tumor biopsies are confronted to two major problems. First, MCT isoforms are generally segregated, with hypoxia-inducible MCT4 being preferentially expressed in hypoxic/glycolytic areas and MCT1 in oxygenated areas where cancer cells are equipped for lactate oxidation [1, 4, 22] . Thus, the presence of the therapeutic target in a given biopsy is influenced by sampling localization. A second limitation is that MCTs are passive transporters driven by the gradient of lactate and protons across the plasma membrane [7, 12] . Thus, even if detected in a biopsy, their presence provides no information about their activity. In addition, the metabolic use of lactate depends on intact and operational oxidative phosphorylation [1, 41] , which cannot be easily assessed in clinical samples. This motivated us to develop a lactate analogue tracer for PET imaging.
Our rationale for the design of the tracer was based on the chemical structures of known MCT1 substrates, i.e., lactate and 3-bromopyruvate [38] . We initially investigated the synthesis of [ 18 F]-FP because we expected that the bioisosteric replacement of the 2-hydroxyl function in lactate by a fluorine atom in the tracer would generate a compound that would still be a substrate of MCT1. [ 18 F]-FP synthesis had already been described [42] , and we obtained this compound in very good radiochemical yield following a two-steps strategy involving the substitution of the bromine of the methyl 2-bromopropionate by [ 18 F]-fluoride anion, followed by saponification of the methyl ester. However, the biological evaluation of [ 18 F]-FP showed that, although this compound was taken up by MCT1-expressing oxidative cells, it did not accumulate in a MCT1-dependent manner ( Figure 1C-1D F]-FP. However, although the replacement of a hydrogen atom with a fluorine is usually reported to afford bioisosteric compounds, its introduction in the 3-position of lactate was very challenging because, to our knowledge, this radiolabeled compound has never been reported before. Its synthesis involved the opening of an epoxide precursor with fluorine, which is known to be favored at the least substituted carbon in the presence of an electron-donating group at the epoxide α-position [43, 44] , which had never been investigated previously in the presence of an electron-attracting group at this α-position (in our case, carboxylate). The high electronegativity of the fluorine atom could have further impacted the electronic surrounding of the molecule, thus affecting its proper recognition by MCT1 and LDH. With an original radiosynthesis protocol on a clinical setup, we nevertheless succeeded to produce [ Figure 1) . A general characteristic of clinically used PET tracers is precisely their ability to be metabolized intracellularly for cell trapping [45] (Figure 3 ). This possibility, however, remains to be investigated. www.impactjournals.com/oncotarget [ 18 F]-FLac labelled SiHa and SQD9 tumors in vivo, as well as the gut and liver of mice, i.e., tissues that are well known to actively take up lactate [7] . However, the tracer was not capable to discriminate between shCTL and shMCT1 tumors, which we attribute to increased MCT4 expression upon MCT1 silencing (Figure 4 ). MCT4 overexpression was previously shown to functionally compensate for loss of MCT1 expression in glycolytic cancer cells in vitro [48, 49] . However, in our in vivo model, MCT4 activity would only partially rescue lactate uptake in the absence of MCT1, as the extracellular concentration of lactate is expected to be below the Km of MCT4 (Km lactate = 22-28 mM). Because[
18 F]-FLac uptake was not modified in shCTL versus shMCT1 tumors, other transporters could be involved as well. MCT1 and MCT4 share CD147/basigin as a chaperon protein for stable expression of the transporters at the cell membrane [50] . Increased basigin availability for interaction with MCT4 probably explains higher MCT4 expression in our model. We therefore considered acute pharmacological inhibition as a situation closer to clinical reality. Strikingly, [ 18 F]-FLac allowed to unambiguously identify animals acutely exposed to MCT1 inhibitors AR-C155858 [31] and AZD3965 [29] . Treated animals were characterized by a complete loss of [ 18 F]-FLac incorporation in tumors, gut and liver, whereas the kidneys (which preferentially express MCT2 for lactate clearance [7] ) and the bladder were strongly labeled ( Figure 4C-4D , Figure 5A - Overall, our study offers the proof-of-principle that [ 18 F]-FLac can be used as a PET tracer of lactate uptake. In oncology, [ 18 F]-FLac could be used as a tool to predict and document a response to pharmacological agents and treatments aimed at disrupting lactate use and consumption by tumors, thus allowing to adapt treatment on an individual scale. Future studies will aim to generalize our findings to other tumor types and to investigate whether [ 18 F]-FLac could also potentially be used as a diagnostic tool to evidence altered lactate metabolism in other pathologies than cancer, for example in cryptic exercise intolerance [52] and in epilepsy [4] . Because MCTs are stereoselective [12] for L-vs. D-lactate, the resolution of the enantiomers present in (±)-[ 
MATERIALS AND METHODS

Chemicals
High-performance liquid chromatography (HPLC)
HPLC
Synthesis of benzyl oxirane-2-carboxylate
3-Chloroperoxybenzoic acid (14.04 g) was added to a solution of benzyl acrylate (23.04 mmol in 90 mL of dry dichloromethane [DCM] ). The reaction mixture was heated under reflux and stirring for 7 days. DCM (100 mL) was then added to the solution, and washed twice with a saturated aqueous solution of sodium carbonate. The remaining DCM fraction was concentrated to 30 mL (rotavapor vacuum), and ethyl acetate (150 mL) was added. This solution was washed twice with a saturated aqueous solution of sodium carbonate, and the recombined organic layers were dried over sodium sulfate, filtered and concentrated to dryness under reduced pressure. The crude was finally purified by silica gel chromatography using cyclohexane/ethyl acetate (95/5, 100 mL; and 10/90, 800 mL), and remaining volatiles were removed under vacuum to yield the desired compound. 
Synthesis of (±)-[
Synthesis of reference compound benzyl 3-fluoro-2-hydroxypropionate
Olah's reagent (hydrogen fluoride pyridine: pyridine ~30 %, hydrogen fluoride ~70 %, 3.4 mL) was added dropwise to a solution of benzyl oxirane-2-carboxylate (1.12 g) in dry DCM (7.5 mL) cooled to 0°C. After reaching room temperature, the mixture was stirred for 35 h. The biphasic solution was added on a silica suspension in DCM (100 mL), then filtered and washed with 50 mL of DCM. The desired benzyl-3-fluoro-2-hydroxypropionate was further purified over silica gel chromatography.
Lactate dehydrogenase assay
A potential reduction of 3-fluoropyruvate to 3-fluoro-2-hydroxypropionate by lactate dehydrogenase (LDH) was measured in vitro using a previously reported protocol [54] . Nonradioactive 3-fluoropyruvate (14.6 mg) was dissolved in 4 mL of double distilled water containing 10 IU of rabbit muscle LDH (Sigma) and 5.3 IU of formate dehydrogenase (Sigma). The reaction was started by adding NADH to a final concentration of 0.2 mM and sodium formate to a final concentration of 40 mmol. The final volume was adjusted to 5 mL with double distilled water. The reaction was carried out at 37°C for 24 h under constant, gentle shaking at 120 rpm. Then, solution was spun through a 10 kDa filter to remove enzymes, and 3-fluoro-2-hydroxypropionate was detected by HPLC-MS using an Accela U(HPLC) equipped with a Luna Phenomenex 250*4.60 HPLC column and a ThermoScientific LTQ -ORBITRAP -XL fitted an electrospray ionization source working in negative mode. www.impactjournals.com/oncotarget
Cells and gene silencing
SiHa human cervix squamous cell carcinoma and SDQ9 human laryngeal squamous cell carcinoma cells were from ATCC. Cells were routinely cultured in DMEM (Thermo Fischer) containing glucose (4.5 g/L), Glutamax and 10% FBS. MCT1-deficient and control SiHa cells were produced as previously described [36] , using the following vectors from Open Biosystems: TRCN0000038340 (shMCT1-1) and TRCN0000038339 (shMCT1-2). Control shRNA (shCTR) was Addgene plasmid 1864. SiHa-CRISPR-MCT1 cells were produced using Sigma LentiCRISPR (Target Site GTATAGTCATGATTGTTGGTGG), and transformed cells were selected using puromycin.
Western blotting
Western blotting was performed as previously described [54] . Primary antibodies were rabbit polyclonals against MCT1 (Merck Millipore #AB3538P) and MCT4 [55] ; and mouse monoclonals against Hsp90 (BD Bioscience #610419), CD147 (BD Bioscience #555961) and β-actin (Sigma #A5441).
Oximetry
Basal oxygen consumption rates were determined on a Seahorse XF96 bioenergetic analyzer according to manufacturer's recommendations. Twenty thousand cells per well were plated 24-h before the experiment in complete DMEM containing 10% FBS. Medium was replaced by DMEM without glucose and glutamine supplemented with 10% dialyzed FBS, L-lactate (10 mM) and ±D-glucose (25 mM) 18-h before measurements. Data are normalized to cell numbers measured right before oximetry measurements.
In vitro tracer uptake assay
We used a modified version of the 14 C-Lactate uptake assay described by Draoui et al. [25] . Briefly, 250,000 cells were plated in flat-bottom 24 well plates (t = 0). When cells were attached (t = 6 h), medium was replaced by DMEM without glucose and glutamine, containing 10% dialyzed FBS and 10 mM of L-lactate, pH 7.0. Cells were then incubated overnight at 37°C, 5% CO 2 . On the day of experiment (t = 24 h), cell medium was replaced by media containing AR-C155858 (10 µM), AZD3965 (10 µM) or vehicle, and the cells were incubated at 37°C for 1 h. At the end of incubation, media were removed and cells were briefly washed twice with a modified KREBS solution without glucose (HEPES 25mM, NaCl 120 mM, KCl 4.8 mM, KH 2 PO 4 1.2 mM, MgSO 4 1.2 mM, CaCl 2 2 mM). The solution was replaced by a KREBS solution containing 10 mM of L-Lactate, pharmacological agents at the same concentration as during pretreatment or vehicle,
18 F]-2-fluoropropionate (45 µCi/mL) or [ 18 F]-3-fluoro-2-hydroxypropionate (45 µCi/mL). Cells were incubated for 6 min, after which the solution was removed and the cells were washed 3 times with an ice-cold KREBS solution containing L-Lactate (10 mM). Cells were lysed with NaOH 0.1 N, and 18 F activity was measured in the cell lysate using a Wiper Gold γ-counter (Laboratory Technologies). Activity is expressed as % of initial dose. For background determination, wells without cells were treated in the exact same way.
In vivo tracer uptake assay
All in vivo experiments were performed with approval of UCL Comité d'Ethique pour l'Expérimentation Animale (approval ID 2014/UCL/ MD/014) according to national and European animal care regulations. To avoid inter-subject variability, 500,000 SiHa-shCTR and SiHa-shMCT1 cells in a HBSS:Matrigel 1:1 solution were respectively injected in the left and right flank of same 6.5 week-old male NMRI nude mice. In experiments with SQD9 cells, 1,000,000 cells in HBSS:Matrigel 2:1 were injected in one flank of NMRI nude mice. Experiments were performed on tumors of ~10 mm in diameter, i.e., 3-5 weeks after cancer cell inoculation. For intravenous injection, MCT1 inhibitor AR-C155858 (Tocris) was dissolved in 0.9% NaCl with 10% (2-hydroxypropyl)-β-cyclodextrin at a concentration of 2.5 mg/mL [56] , and AZD3965 in 0.9% NaCl with 2.5% ethanol and 10% (2-hydroxypropyl)-β-cyclodextrin at a concentration of 2.5 mg/mL. (±)-[
18 F]-3-fluoro-2-hydroxypropionate (150-250 µCi) was injected in the tail vein of the animals 10 min after the delivery of AR-C155858 (5 mg/ Kg) [56] , AZD3965 (5 mg/Kg) or vehicle (70 µL). At indicated times, a whole body 10 min static PET imaging (small-animal Mosaic PET Scan system, Philips Medical Systems) directly followed by a 10 min transmission CT scan (NanoSPECT/CT Small Animal Imager, Bioscan; source: 370 MBq 137 Cs; X-Ray tube voltage: 55kVp; number of projections: 180; exposure time 1,000 ms) were performed on isoflurane-anesthetized mice kept at 35°C. PET images were corrected for attenuation and reconstructed using fully 3D iterative algorithm 3D-RAMLA in a 128 x 128 x 120 matrix, with a voxel size of 1 mm 3 . CT images were reconstructed with a voxel size of 0.221 x 0.221 x 0.221 mm 3 . 2D Regions of interest (ROIs) were manually delineated on PET images using the PMOD software version 3.5 (PMOD technologies Ltd). Tumor localization was determined on PET/CT fused images. Ribcage and skin were used as internal and external limits, respectively. Tracer uptake is expressed as standard uptake value (SUV) calculated on the mean value of voxels within the manually defined 3D volume of interest (VOI). Manually defined VOIs were used to measure tumor volumes. www.impactjournals.com/oncotarget Statistics Data were analyzed using GraphPad Prism version 6.04 for Windows. All results are expressed as mean ± SEM. N refers to the number of independent experiments and n to the total number of replicates per treatment condition. Error bars are sometimes smaller than symbols. Student's t test and one-way ANOVA were used where appropriate. P < 0.05 was considered to be statistically significant.
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